Few animal models have been reported to evaluate and compare mechanical endovascular thrombectomy (MET) devices used to treat human ischemic stroke. These models may contribute to the understanding of arterial injury induced by a MET device and potentially by extrapolation to human intracranial arteries. We have developed a novel swine model for MET that allows visualization of the thrombus/device interaction and characterization of mechanical impact on the vessel wall. Twenty superficial femoral arteries were occluded with radiopaque thrombus, and 20 without thrombus were treated with thrombectomy devices. Acute histopathological changes were evaluated. The swine femoral artery, which is comparable in size to the human middle cerebral artery or basilar artery, may offer a useful animal model for the study of histologic alterations induced by MET.
Introduction
Mechanical endovascular thrombectomy (MET) is being increasingly used for revascularization in case of acute ischemic stroke with proximal arterial occlusion 1 . To date, few animal models have been reported to analyze MET in human stroke 2 . However in vivo models are essential to allow analyses of MET-induced histopathological damage to evaluate and improve MET devices. Previously, a model was developed in swine, using the superficial cervical artery to evaluate arterial structural changes induced by MET de-vices 3 . However, the normal histological properties of the superficial cervical artery are not well-described in swine and this model requires a long and difficult surgical exploration, which may be a source of mortality. Therefore new models are needed to further understand arterial structural damages caused by devices used for MET in order to improve their safety.
We report here a novel animal model using the swine superficial femoral artery (SFA). This artery presents several advantages, such as well-known histological properties and easy surgical access.
Technique
All procedures were performed at Haute-Vienne Research and Analysis Department (Establishment for Animal Experimentation) according to international guidelines and approved by the responsible local authorities. Experiments were done in 20 male swine, three to four months of age, weighing 20-25 kg, under general anesthesia.
Radiopaque clots were prepared in vitro, as described by Kan et al. 4 . In brief, 20 mL of swine whole blood were mixed with 2 g of barium sulfate powder to obtain radiopacity. This mixture was incubated at room temperature for 120 minutes in a syringe to obtain two phases (serum and solid component). The serum was then eliminated and a piece of clot (25 mm in length) was resected. Each prepared thrombus was inserted into a silicone tube (Cole-Parmer; Vernon Hills, IL, USA) with saline and prepared for injection ( Figure 1 ). guiding catheter (Chaperon; MicroVention, Tustin, CA, USA), and 2 mL of saline were injected to propel the clot into the SFA.
Arterial occlusion was confirmed by angiogram and the guiding catheter was then retrieved. Arterial occlusion was maintained for one hour (± 10 minutes) before mechanical retrieval was attempted ( Figure 2C Table 1 . For each revas-Both SFAs of each swine were dissected to approximately 5 cm in length ( Figure 2A ). The 20 right SFA samples were not subjected to any kind of intervention (control samples). The 20 left SFA samples were randomly submitted to thrombectomy. An angiogram of the left SFA was performed on a biplane angiography system (Integris; Philips, Best, The Netherlands) ( Figure 2B ). Rotational angiography, followed by three-dimensional reconstruction of the native projections, was performed just before the thrombectomy procedure. The diameters of the vessels were measured using the three-dimensional reconstruction images. For selective thromboembolization, the silicone tube containing a prepared clot was connected to the 5F (C.Y.) with an optical microscope using magnification ranging from 40 to 400 times.
A grading system was developed to evaluate the acute mural response to the MET devices. The following were assessed: 1) amount of endothelial denudation (percentage of surface area); 2) presence of mural thrombus (vascular occlusion percentage); 3) intimal layer edema (inner intima circumference percentage); 4) medial layer edema (inner media circumference percentage); and 5) internal elastic lamina (IEL) fractured (percentage).
Results
All experimental procedures were carried out without complication. No animal died during the experiment before planned euthanasia.
Forty SFAs from 20 swine were analyzed. All cularization device used, all recanalization attempts were conducted according to the requirements of the manufacturers. One hour after the end of the last retrieval attempt, the animals were euthanized with an intravenous injection of 20 mmol potassium chloride. Both of the SFAs were dissected away from the surrounding tissue and each was cut transversely into six individual pieces, numbered proximally to distally, with regard to arterial blood flow. The most proximal and distal pieces were 1 cm in diameter and were excluded to avoid ligature sites occurring during the surgery. The vessel sections from each artery were embedded in paraffin according to standard laboratory operating procedures. They were subsequently sectioned at 5-7 μm and stained with three histological stains (hematoxylin-eosin, Masson's trichrome, and orcein). The sections were examined by a board-certified pathologist The study was strictly designed to assess the degree of vascular damage. The mean arterial damage for each device is summarized in Table  2 . At histologic examination, all devices caused vascular injuries extending into the medial layer (Figure 3 ). In the device samples versus the control samples, these were characterized by significant endothelial denudation and medial layer edema. Intimal layer edema and fracture of the IEL were also found in all of the device samples, but with insignificant differences for all device samples combined compared to the control samples. No other lesions were found ing continuous radial force against the vessel wall, which may injure the endothelium in the process 6 .
The similarities between the porcine and human cardiovascular systems make the pig a useful animal for the study of vascular biology 7 . The size of the swine SFA is comparable to the middle cerebral artery or basilar artery which are the target vessels for MET. In our study, the mean diameter of the SFA was 2.7 mm (2.0-3.5 mm), which is similar to the outer diameter of the proximal middle cerebral artery in humans (2.4 mm) . Compared to the model described by Yuki et al. 3 , surgical access to swine SFA is not technically difficult, due to its superficial position. The normal histological characteristics of porcine femoral artery have been reported and raise the possibility of evaluating pathological lesions 7 . In addition, our model also allows direct visualization of the interaction between the surfaces of the vessel wall and the retrieval device.
Our new model does not represent a counterpart to the entire phenomenon seen in patients with stroke. Nevertheless, we believe that it may expand the analysis of the safety profile and offer the possibility of an experimental model, which is potentially useful for the future development and evaluation of mechanical devices in preclinical studies. Further studies at subacute and chronic stages are necessary to identify the evolution of different types of histological lesions.
deeper in the external elastic lamina or adventitia, nor were there perforations or dissections in any samples.
There were no statistically significant differences in the arterial damage among the five device groups. However, the aspiration device was associated with more intimal and medial layer edema compared with the wall-contact devices except for the Catch thromboembolectomy system.
Discussion
Animal models are necessary to characterize the efficacy and safety of new mechanical devices before their clinical use. However, few animal models have been proposed to evaluate neurovascular devices used in clinical practice. The aim of this study was to develop a new animal model to evaluate and compare arterial wall damage induced by various devices used for MET in acute ischemic stroke.
The aspiration device was responsible for more intimal and medial layer edema. However, these differences were not statistically significant, although this could be due to the small animal sample. These results are probably related to the fact that the designs and mechanisms of these two types of devices are completely different. The aspiration device applies aspiration force to the proximal base of the thrombus 5 . As opposed to this suction device, wall-contact devices capture the clot by exert-
